This three-year study was conducted from 26 July to 3 The rainout shelter shielded turfgrass plots from precipitation and therefore, allowed for precise 4 applications of water. The soil at the site was a Chase silt loam (fine, smectitic, mesic Aquertic 5 Argiudoll). 6
Thirty two plots (1.36 m x 1.76 m) were established with Kentucky bluegrass (Apollo), 7 two hybrid bluegrasses (Thermal Blue and Reveille), and tall fescue (Dynasty). Two irrigation 8 treatments were imposed to broaden the turfgrass quality range in the study. The two treatments 9
were 60% (water deficit) and 100% (well-watered) evapotranspiration replacement. Water was 10 applied by hand twice a week through a fan spray nozzle attached to a hose; a meter (Model 11 03N31, GPI, Wichita, KS) was attached to ensure proper application rate. To determine 12 irrigation requirements, evapotranspiration was calculated by using the Penman-Monteith 13 equation (Allen et al., 1998) and climatological data obtained at an on-site weather station. Plots 14 were mowed twice a week at 7.6 cm with a walk-behind rotary mower. 15
Measurements of visual quality, spectral reflectance, percentage green cover, and density 16
The visual quality of each plot was rated by one In 2006, shoot density ratings were evaluated by the same researcher who estimated 3 visual quality ratings, on the same day visual quality was rated and NDVI and percentage green 4 cover was measured. Similar to visual quality, the density scale consisted of ratings from 1 to 9 5 but were based only on shoot density (1 = no grass, 6 = minimally acceptable condition, or about 6 60% density, and 9 = dense grass) (Trenholm et al., 1999 
Results and Discussion 18
In the first section that follows, the full dataset from a three-year study presented in a 19 companion paper (Part I) was utilized to illustrate that in all turfgrass plots rated at the same high 20 level of visual quality, there were differences in NDVI and its component reflectances among 21
grasses. In subsequent sections, however, all data are from a subset of dates in the second and 22 third years in which percentage green cover was measured concurrently with NDVI and visual 23 7 quality. This provided objective evaluations of the impacts of percentage green cover on visual 1 quality and NDVI and its component reflectances. In the third year of the study, visual estimates 2 of shoot density were also collected on the same dates to evaluate the impact of density on NDVI 3 and its component reflectances. 4
5
Differences among grasses in NDVI and its component reflectances in plots rated at a high 6 visual quality level, across three years 7
Among all turfgrass plots rated at a visual quality of seven, which is considered high 8 quality turfgrass, there were significant differences in NDVI among grasses in each year (Fig. 1) . 9
In tall fescue, NDVI was greatest among grasses in 2004 and 2005 and greater than the hybrid 10 bluegrasses in 2006, which may be due to greater density in tall fescue among the grasses 11 (Trenholm et al., 1999) . This is supported by visual evaluations of turfgrass density in 2006 12 (Table 1) either of the hybrid bluegrasses even when the quality of all three grasses was high. 8
Reflectance in the NIR (i.e., at 935 nm) also closely resembled the patterns of NDVI 9 although underlying mechanisms may be less evident ( Fig. 1 ). Near infrared reflectance is not 10 visible, and arises primarily from light scattering within leaf cells (Knipling, 1970; Gausman, 11 1977) . Given that all the plots in Figure 1 were rated with a high quality of seven, there was no 12 significant senescence or firing of leaves among plots. It is possible that greater reflectance at 13 935 nm in tall fescue may have been caused by its greater density (Table 1) In the subset of dates in which ancillary measurements of percentage green cover and 3 density estimates were collected, visual quality was strongly correlated with NDVI in both years 4 among grasses (Table 2) . This is the same trend that was reported in the companion paper (Part I Among grasses, correlations between NDVI and percentage green cover and density were 19 also strong (P<0.0001) and were also consistently greatest in the three bluegrasses and least in 20 tall fescue (Tables 3 and 4) . For example, correlations between NDVI and green cover and 21 density in the bluegrasses ranged from r=0.87 to 0.95, but in tall fescue only from r=0.73 to 0.78 22 for green cover and r=0.53 for density. Greater correlations in the bluegrasses were a result of 23 wider ranges in green cover and density than in tall fescue. The greater correlations between 1 NDVI and percentage green cover and density in the bluegrasses also indicate why the models 2 developed to predict quality from NDVI had narrower confidence intervals in the bluegrasses 3 than in tall fescue, as presented in the companion paper (Part I). 4
The differences in NDVI between the bluegrasses and tall fescue are illustrated by the 5 average spectral signatures of the four grasses in well-watered and water-deficit plots during a 6 three-week period with the greatest drought stress in 2005 (3 Aug., 8 Aug., and 11 Aug.) (Fig. 5) . 7
Significant differences in the spectral signatures were observed between irrigation treatments in 8 the bluegrasses, in which substantial browning of leaves had occurred. Conversely, differences in 9 spectral signatures were negligible between irrigation treatments in tall fescue, which exhibited 10 little senescence of leaves under water deficit. These data clearly illustrate the differences in 11 spectral signatures between healthy and senescing vegetation and the effects on the component 12 reflectances that determine NDVI. 13
Reflectance at 661 nm decreased as visual quality increased (Fig. 2) . In general, the 14 patterns of differences in R661 among grasses were mirrored with NDVI at each increment of 15 visual quality. For example, red reflectance at a visual quality of five was low in tall fescue, 16 which corresponded with greater NDVI in tall fescue among grasses. At visual quality of eight, 17 red reflectance was greatest in Reveille, which corresponded with lower NDVI in Reveille 18 among grasses. In general, the reduction in red reflectance with increasing turf quality illustrates 19 the strong relationship between visual quality and reflectance in the visible (red) wavelengths. 20
The decline in red reflectance observed in Figure 2 indicates an increase in red light 21 absorption (hence, less reflected light) as quality improves and suggests a corresponding increase 22 in chlorophyll content (Knipling, 1970; Gausman, 1977) . This is supported by strong, positive 23 correlations between visual quality and percentage green cover and by corresponding negative 1 correlations between percentage green cover and R661 (Tables 2 and 3 ; Fig. 3 ). Canopy density 2 was also positively correlated with visual quality and negatively correlated with R661 (Tables 2  3 and 4; Fig. 4) , which also indicates that chlorophyll content increased with density. The strong 4 effects of percentage green cover and canopy density on red reflectance, which is visible, 5 illustrates why these mechanisms that are important components in visual quality also strongly 6 influence NDVI. 7
Reflectance at 935 increased with quality in the three bluegrasses but not in tall fescue 8 (Fig. 2) . The increase in reflectance with quality in the bluegrasses was probably caused by 9 decreasing amounts of brown, senesced leaves as turf quality improved, as illustrated in the 10 spectral signatures between well-watered and water-deficit plots (Fig. 5) ; reflectance in the NIR 11 is typically lower from senesced leaves than from photosynthesizing, green leaves (Knipling,  12 1970; Jensen, 2007). Reflectance at 935 remained relatively steady in tall fescue as quality 13 increased from 5 to 8, probably because of its higher density and it was not as severely stressed 14 as the bluegrasses. In addition, it is documented that NIR reflectance remains steady or even 15 increases in the early stages of leaf dehydration and leaf yellowing (Knipling, 1970; Jensen, 16 2007 ). Therefore, it is possible that even at a quality rating of 5 in tall fescue most leaves had not 17 deteriorated sufficiently to reduce NIR reflectance. 18
The R935 increased slightly with percentage green cover but the relationship between the 19 two factors was weak (Fig. 3) . The slight increase in R935 with percentage green cover was 20 probably caused by a corresponding decrease in brown, senesced leaves, as illustrated by the 21 spectral signatures in water-deficit and well-watered plots (Fig. 5) . However, it is important to 22 note that in Fig. 5 , data are restricted to a 3-week period with the greatest drought stress, while 23 data in Fig. 3 includes all data from the two years including less-stressed periods. It is likely that 1 outside of the 3-week stressful period, there was less senescence in bluegrass plots, although 2 perhaps some yellowing of leaves. Jensen (2007) reported that NIR reflectance is similar 3 between green and yellowing leaves, which probably explain the overall insensitivity of NIR 4 reflectance to percentage green in this study. Reflectance at 935 nm increased with shoot density, 5 but correlations were weaker than between density and NDVI and R661 (Fig. 4) . 6
In general, correlations of R935 were weaker than corresponding correlations of NDVI 7 and R661 with visual quality, percentage green color, and density (Tables 2, 3 , and 4). Not 8 surprisingly, this indicates a lesser influence of NIR reflectance, which is not visible, than red 9 reflectance on relationships between visual quality and NDVI. Nevertheless, the increase in 10 R935 with quality in the bluegrasses (Fig. 2) indicates an important contribution of R935 to 11 NDVI, possibly because of improved plant water status at higher quality ratings (Penuelas et al., 12 1993). Correlations of visual quality with NDVI were also greater than with R661 alone, 13 probably because NDVI is a ratio that normalizes factors such as atmospheric conditions, canopy 14 shadows, illumination effects, etc. (Jenson, 2007) . Nevertheless, greater correlations of visual 15 quality with NDVI than with R661 alone suggest an important contribution of R935 to NDVI. 16 The different patterns between the bluegrasses and tall fescue of NIR reflectance across quality 17 ratings (Fig. 2) may partially explain the differences in prediction models among grasses, as was 18 reported in the companion paper (Part I). 19 While it is apparent from our data that changes in R935 were caused by corresponding 20 changes in density and perhaps by leaf firing, it is possible that other factors not visible to the 21 eye were influencing R935 (e.g., changes in spongy mesophyll cells, shadows in the canopy). The relationships among visual quality, NDVI and its component reflectances, percentage 6 green cover and density are illustrated well by the seasonal means of each variable (Table 1) . For 7 example, in 2006, the pattern of visual quality and NDVI were identical among grasses with tall 8 fescue the greatest, Kentucky bluegrass the least, and no differences between the hybrid 9 bluegrasses. The latter is consistent with the results reported in the companion paper (Part I), in 10 which negligible differences were found between the hybrid bluegrasses in their models of NDVI and percentage green cover were greatest in tall fescue and least in Kentucky bluegrass and 17 Thermal Blue; R661 was lowest in tall fescue and greatest in Kentucky bluegrass and Thermal 18
Blue. Reflectance at 935 was greatest in tall fescue in both years, but patterns among the three 19 bluegrasses were more variable. 20
In summary, differences in NDVI were observed among turfgrasses even when all were 21 rated at the same level of quality. The differences in NDVI were caused by corresponding 22 differences in both red (visible) and NIR reflectance (invisible). Differences in red reflectance 23 may have been indicative of differences in green leaf density among grasses, which probably 1 would have affected chlorophyll content per unit ground area. The causes for differences in NIR 2 reflectance were possibly related to differences in density among grasses, but other less evident 3 factors may also have been involved (e.g., plant water status, leaf cell constituents, shadows in 4 the canopies). Across the range of turfgrass visual quality, red reflectance generally responded 5 more strongly than NIR reflectance. In particular, NIR reflectance was not appreciably affected 6 by percentage green cover. However, different patterns of NIR reflectance across quality ratings, 7 particularly between the bluegrasses and tall fescue, had significant impacts on NDVI. This 8 suggests that NIR reflectance contributed to the differences in prediction models among grasses 9 as reported in the companion paper (Part I). 10
Further research is needed to evaluate specific effects of biophysical and physiological 11 components of turfgrass canopies on red and, in particular, NIR reflectance. For example, 12 comparing NDVI and its reflectance components to objective measurements of shoot density, 13 various leaf properties (e.g., plant water status, leaf cell constituents, stomatal densities, leaf 14 angles), and shadows in the canopy may elucidate their impacts on NDVI among turfgrass 15 species and cultivars. Such information is imperative if we are to advance the science of using 16 reflectance data to evaluate turfgrass quality, by improving our understanding of fundamental 17 factors of the turf canopy that affect NDVI and are also important to visual quality. 
